Abstract-There has been an increasing interest in the use of spaceborne very high frequency ultra high frequency (VHF-UHF) synthetic aperture radar (SAR) for measuring forest biomass and for detecting underground facilities. The propagation characteristics of the low-frequency electromagnetic wave are severely affected by the ionosphere. Recently, Faraday rotation effects and SAR image degradation have been studied using an analytical model and a homogeneous ionosphere. In this paper, a numerical model is developed to investigate the SAR image degradation caused by an inhomogeneous ionosphere. Both horizontal and vertical structures of the ionosphere are considered in this model. Three different cases are studied. The first is a vertically homogenous ionosphere, where the simulation condition is the same as in the analytical study by Ishimaru and others. The second is a vertical profile, which is introduced using the Chapman formula. The ray-bending effect is added for the ionosphere with a layered structure. Finally, both the vertical profile in electron density and the horizontal gradient in total electron content are considered in the simulation. Simulation results show good agreement with the theoretical analysis under the same conditions of the ionosphere. When both horizontal and vertical structures and the inhomogeneity of the ionosphere are considered in the model, the simulation result shows further image degradation and shift caused by the ray-bending effect. The simulation results also show the strong frequency dependence of the SAR image resolution.
I. INTRODUCTION
T HERE HAS BEEN an increasing interest in the use of spaceborne very high frequency ultra high frequency synthetic aperture radar (VHF-UHF SAR) for measuring forest biomass and for detecting underground facilities which requires the use of longer wavelengths for enhanced foliage and ground penetration [1] . SAR provides high-resolution images by coherently processing the signals returned from the ground. Perturbations in the signal propagation path, including the ionosphere and troposphere, lead to phase change within the effective aperture of the system. This phase perturbation caused by the irregularities of the refractive index structure of the ionosphere will be particularly severe at VHF-UHF frequency and will distort the SAR image. These effects as well as possible mitigation techniques must be investigated before deploying a VHF-UHF SAR in space.
In our previous analytical study [2] , a homogeneous layer of constant electron density for the ionosphere is assumed. The average electron density is specified, and the irregularity of the ionosphere is given by a two-parameter spectrum. The SAR image resolutions were then obtained by computing the 3-dB width of the second order of the ambiguity function. Results indicate a substantial change in azimuthal resolution for the UHF-band SAR system, while the change of range resolution is negligible. However, the real ionosphere is not uniform and has both small-and large-scale structures, mostly due to ionospheric dynamical processes, plasma instabilities, and the coupling between ionosphere, thermosphere, and magnetosphere [3] - [5] . Two factors may affect the SAR imaging: 1) ambient total electron current (TEC) on large spatial scales greater than a few hundred kilometers, and 2) irregularities on scales from a few meters to a few tens of kilometers. The former can have large gradient and curvature, such as in the equatorial anomaly region, while the latter can occur mostly in the equatorial and auroral regions (less frequently at middle latitudes).
Our previous study also assumes that the ionosphere is vertically uniform, but in reality, the electron density varies with height and its peak value appears at around 300-km altitude. The vertical structure of the ionosphere introduces a ray-bending effect which causes both image degradation and image shift. In addition to the random variation of the electron density, a horizontal total electron content gradient may also exist within the SAR aperture.
In this paper, a numerical model is developed to evaluate these potential effects. The horizontal structure is described using a two-parameter spectrum. As for the vertical profile, three different cases are studied. First, a vertically homogenous ionosphere is considered. The simulation condition is the same as in the analytical study. The purpose of this case is to compare simulation results with analytical results and determine good agreement. Second, a vertical profile is introduced using the Chapman formula. The ray-bending effect is added for an ionosphere with a layered structure. Third, both vertical profile and TEC slope are considered in the simulation.
II. DESCRIPTION OF THE MODEL
For SAR applications, spatial variations of electron density and TEC along and among radio ray paths from the ground to the SAR satellite must be considered. A two-dimensional ionosphere structure in the orbital plane is assumed. The image is 0196-2892/03$17.00 © 2003 IEEE constructed within the plane formed by the satellite track and the wave propagation path. We assume the equivalent aperture size of the SAR system is 10 km, the data sampling distance along the flight path is 100 m, the number of sampling points is 100, the altitude of the satellite orbit is 400 km, and the SAR look angle is 60 . These parameters are based on the preliminary study of proposed UHF-band SAR by the Jet Propulsion Laboratory (JPL). The length of the ground to be observed is 1000 m. The data sampling distance on the ground is 10 m, which gives the number of sampling points to be 100. Fig. 1 shows the structure of the model. The Chapman formula will be used to describe the vertical profile of the ionosphere. A horizontal electron density perturbation is given by the two-parameter spectrum [2] , [8] . The details will be discussed in the following section.
III. FORMULATION
The numerical model presented in this paper is based on the analytical model published in our previous paper [2] . Therefore, we will only briefly describe the analytical model.
A. Formula Used for Analytical Study
As a starting point, we assume the ionosphere is vertically uniform, and the random fluctuation is specified by the twoparameter spectrum of the refractive index fluctuation [7] , [8] . In the analytical study, the SAR image characteristics are given by the first-and second-moments of the generalized ambiguity function (system point target response) which is given by (1) where
Equation (1) is expressed in the frequency-domain, and , , and are the Fourier transform of the input signal, Green's function, and matched filter function, respectively. The propagation constant along the electromagnetic wave path is , and and are the down-and up-path complex phase fluctuations due to the ionospheric turbulence.
By combining (1)-(4) and using , we can obtain (5) can be expanded about the carrier frequency (6) where the first, second, and third terms are related to free-space propagation, group delay, and pulse broadening given in (9), (10) , and (11), respectively. The input pulse is usually a chirp signal. Using the Gaussian approximation, the Fourier transform of can be expressed as [9] (7)
where is the bandwidth and is the pulse duration. Then the signal observed at the th position is given by (8) (9) (10) (11) where the ionospheric thickness along the path, and determines the azimuthal resolution. The group delay is represented by , and represents the pulse broadening. Finally, the generalized ambiguity function is given by (12)
The SAR image resolution and shift can be obtained from the first and second moments of (12) [2] . represents the random fluctuation of the ionosphere and can be expressed in terms of the spectrum of the refractive index fluctuation and the structure function [10] .
B. Model for Numerical Simulation
In the numerical model, the random fluctuation of ionospheric density affects the propagation constant that contains the random perturbation in refractive index . For a given electron density profile, we need to calculate the phase shift using along the EM wave path. Therefore, the numerical simulation involves three steps. First, the electron density profile must be specified. Second, the refractive index along the signal path must be calculated. Third, the SAR image must be formed for a given ionosphere profile. Fig. 2 is an example of a TEC map produced by the JPL using dual-frequency global positioning system (GPS) data collected from a regional ground-GPS receiver network. The map represents vertical TEC (altitude integration of electron densities) up to the orbit height of GPS satellites. The map shows horizontal gradient structures that can occur under disturbed space weather conditions. In addition to the large-scale structures shown in the TEC map, small-and medium-scale (meter to kilometer) electron density and TEC irregularities can also occur [3] . Since the SAR aperture size is on the order of kilometers, it is also necessary to investigate the possible impact on the SAR imaging caused by this TEC gradient within the radar aperture.
To generate random fluctuations of electron density, we will use the technique developed for a random surface generation for the numerical simulations of wave scattering from rough surfaces [6] . This method uses the spectral density of the random surface to generate a surface profile which obeys a desired statistical function. Because a two-parameter spectrum was used in our analytical paper, we will generate an electron density profile with the same spectrum. The two-parameter spectrum in three-dimensional (3-D) space is given by [2] , [8] for (13) for (14) where is a break wave number; is outerscale 10 km; is breakscale 500 m;
; and . Our numerical simulation requires a two-parameter spectrum expressed in one-dimensional (1-D) space. The relationship between a 1-D and 3-D spectrum is given by [10] (15) where is the two-parameter spectrum expressed in 1-D space for (16) for (17) To generate an electron density profile numerically, a sequence of normally distributed random numbers is used in the phase of the profile spectrum. The profile is related to the 1-D discrete Fourier transform of the profile spectrum as described in the following equations: (18) where (19) denotes a sequence of normally distributed numbers in [0,1] with zero mean and unity standard deviation. is a total length of a profile. It can be seen that the two-point statistics are governed by the magnitude of the Fourier spectrum which follows the profile spectrum , and the one-point statistics are governed by the random modulation in the phase of the Fourier coefficients. The profile is a series of real numbers; therefore, the phase of the Fourier coefficient must satisfy the following requirements (20) Fig. 3 shows a typical profile generated with this method. In this model, the average peak electron density of the ionosphere is set to el/m . The average vertical TEC, electron density integration up to a typical SAR orbit altitude (set to be 400 km above ground in this study) is set to 5 TECU where TECU el/m . One realization has 100 points along the satellite track with 100 m per point. In our previous analytical studies, we assumed that the ionosphere is vertically uniform to simplify the analysis. The actual ionosphere, however, has a vertical profile which must be included in the numerical simulations. We use the Chapman formula to describe the vertical electron density profile of the ionosphere [8] . A typical daytime electron density profile is given as (21) Fig. 3 . Horizontal electron density profile generated using the two-parameter spectrum. Average peak value = 10 el/m . Average TEC = 5 TECU and perturbation = 10%. Ionosphere thickness = 50 km. TEC = (average electron density) 3 (ionosphere thickness)=TECU. TECU = 10 el/m . Fig. 4 . Vertical electron density profile up to the assumed SAR altitude, generated using the Chapman formula.
and (22) is the height where has maximum value. determines the sharpness of the shape.
350 km and 50 km are used in our simulations. Fig. 4 shows the vertical electron density generated by the Chapman formula using these parameters.
The next step is to calculate the refractive index profile from a given electron density profile. Because of the presence of the earth's geomagnetic field, both ordinary and extraordinary modes with a different index of refraction will be present within the ionosphere. To simplify the problem, we assume the wave is propagating in the direction and the geomagnetic field is in the -plane as shown in Fig. 5 [8] . Then the index of refraction for both ordinary and extraordinary modes for each layer can be expressed as [2] (23) where ; ; ; ;
; is the collision frequency; is the mass of the electron; is the permeability of the free space; and the plasma frequency is given as . The last step is to describe the generalized ambiguity function in the numerical model. The random fluctuation of the ionosphere affects the propagation constant that contains the refractive index fluctuation . For a given electron density profile, we need to calculate the phase shift using along the signal path.
We now express (4) as
Therefore, (5) will be modified as (25) and (9) becomes (26) Finally, the generalized ambiguity function is given by (27) where is the number of layers in which the ionosphere is divided; is the propagation constant of the th layer; and is the thickness of each layer.
It should be noted that the process described in this section will generate a SAR image for one realization of the ionosphere. To obtain the statistical data and SAR image, more than 100 realizations must be computed for the given average TEC and perturbation values. 
IV. CASE STUDIES
Numerical simulations are conducted for three different cases. The vertically uniform profile is used for comparison with the analytical study. The ionosphere with a vertical profile and slant TEC slope profiles is for more realistic cases.
A. Vertically Uniform Electron Density Distribution
The main purpose of this case is to verify the numerical model by comparing it with the previous analytical calculations. In our analytical studies, a homogenous layer of constant electron density for the ionosphere is assumed. The average electron density is specified, and the irregularities of the ionosphere are given by the two-parameter spectrum. The SAR image resolutions were then obtained by computing the 3-dB width of the second-order moment of the ambiguity function. It is expected that under the same ionospheric conditions, the simulation results should have good agreement with the analytical results.
The ionosphere is specified by a uniform 50-km-thick slab. The average electron density at each point within this slab is constant. The entire ionosphere acts as one layer and, therefore, there is no ray-bending within the ionosphere. In the numerical model, however, the uniform ionosphere is divided into many vertical layers. Each layer contributes to the image distortion and the effects must be added together. The image is formed by coherently summing signals from each SAR sample point.
Figs. 6-9 show SAR images of four different numerical results is due to the slow convergence of the averaging processionosphere conditions. The solid line in each plot corresponds to the analytical result. The dashed line represents the numerical result for an ionosphere with a uniform vertical structure. Also shown are the numerical results with the vertical electron density profile which will be discussed in the following section. In all cases, the numerical results of the uniform ionosphere are close to those of the analytical results indicating the validity of our simulations. The fluctuation in the . The 3-dB image resolution of Fig. 6 (TEC 5 TECU, TEC perturbation 5%) is al- most the same as the free-space image resolution indicating the small effects of the ionosphere. Increasing both average TEC and perturbation values, however, will result in a substantial degradation of the image resolution as shown in Figs. 7-9 . The values used in Fig. 9 (TEC 10 TECU, TEC perturbation 10%) are not unusual during the day time. It is obvious that the 3-dB spread of 480 m shown in Fig. 9 will be unacceptable for most practical SAR imaging situations.
B. Ionosphere With Vertical Profile
The purpose of studying an ionosphere with a vertical profile is to simulate more realistic cases and also to analyze the ray-bending effects [11] . The vertical profile is specified by the Chapman formula and shown in Fig. 4 . The ionosphere is vertically sliced into many layers, and the index of refraction of each layer is calculated from the electron density. Because the index of refraction changes along the signal path, ray-bending due to refraction at boundaries occurs. This ray-bending will be an additional cause of SAR image degradation and image shift. The dashed-dotted line in Figs. 6-9 represents simulation results for an ionosphere with a vertical electron density profile. In general, the effect of the vertical profile compared to the uniform case is small. Table I summarizes the simulation results of four TEC cases. Without the TEC perturbation, the ray-bending does not create SAR image degradation because each individual path goes through an ionosphere that has the same vertical refraction index distribution. However, when the TEC perturbation is added to the model, the refraction index distribution of each signal path will be different. Consequently, the phase shift caused by the ray-bending effect for each path will also be different. Fig. 10 shows the probability density function (pdf) of the path length change with respect to that of the straight ray along the SAR aperture. The ray-bending creates an average change of 5.17 . In addition, the ionosphere perturbation will create a standard deviation of approximately 0.082 . The variation in path length among the received signals will introduce phase incoherency, and therefore, degrade the SAR image resolution. Without the TEC perturbation, the same pdf shows a single peak at 5.17 as expected. The ray-bending effect also causes an image shift in range direction. Fig. 11 shows that the expected image shift will be less than 10 m for TEC perturbations assumed here. The image broadening in the range direction is negligible, as it has been pointed out that the standard deviation is on the order of 10 range [2] . Based on the previous study, it is known that the SAR image degradation is usually negligible above 1 GHz, but the effects become critical below 500 MHz. Fig. 12 shows SAR images for frequencies from 0.3-1 GHz for relatively small TEC values (average TEC 5 TECU, TEC perturbation 10%). The impact of the ionospheric variations on the SAR image resolution decreases to a negligible level for frequencies above 600 MHz. We also note that there exists a sharp transition from 400-600 MHz which is in good agreement with the analytical studies [2] . 
C. Ionosphere With Slant TEC Slope
A typical TEC map shown in Fig. 2 indicates that a large scale TEC gradient can exist within the SAR aperture. To investigate the possible impact of the TEC slope as well as the TEC perturbation and vertical profile on the SAR imaging, a horizontal TEC gradient is added to the model. Both positive and negative gradients are studied, and these cases are shown in Fig. 13. Fig. 14 shows the result for the case with a positive TEC gradient with the average TEC 5 TECU and TEC perturbation 10%. The TEC gradient introduces an image shift, and the direction of the image shift depends on the sign of slope. Fig. 15 shows the image for three different slopes: 1) TEC slope 0 TECU 10 km, 2) TEC slope 2 TECU 10 km, and 3) TEC slope 4 TECU 10 km. The expected image shift for different TEC gradients is shown in Fig. 16 . An image shift of 100 m is possible for a relatively quiet ionosphere (average TEC 5 TECU and 10% TEC perturbation).
V. CONCLUSION AND DISCUSSION
The results presented in this paper clearly show that the inhomogeneous nature of the ionosphere must be included when estimating the SAR image degradation below 500 MHz. Because it is difficult to include the spatial and temporal variations of the ionosphere in an analytical model, development of an accurate numerical model will be essential. The model presented in this paper includes both horizontal and vertical profiles. The numerical model was verified with the analytical results for a homogeneous ionosphere. In addition, the simulations results indicate the following.
• When a vertical structure of the ionosphere is considered, further image degradation and image shift will be caused by the ray-bending effect.
• Ray-bending causes an average path length change of 500 MHz and image shift of 6 m for an ionosphere with average TEC (5 TECU) and 10% variation.
• In the presence of the TEC gradient within the SAR aperture, the image shifts in the azimuth direction can be 20 m for 1 TECU/10 km and up to 120 m for 4 TECU/10 km.
• The SAR image degradation caused by a structured ionosphere shows strong frequency dependence. The impact of the ionospheric variations on the SAR image resolution decreases to a negligible level for frequencies above 600 MHz. The frequency range from 600-400 MHz is a transition zone where image resolution degrades dramatically as frequency decreases. Our example shows the 3-dB image width increases from approximately 20 m at 600 MHz to 420 m at 400 MHz (Fig. 9 ). • Ionospheric effects are negligible for an ionosphere with low average TEC (less than 5 TECU) and low perturbation (less than 5%). One method to avoid the SAR image degradation is to collect data during the period when the ionosphere is relatively stable. The simulation results indicate that for a small TEC value and perturbation, such as the case with 5 TECU (integrated from the ground to 400-km SAR altitude) and 5% perturbation, the image degradation and the image shift are not significant. To mitigate the SAR image degradation, it may be necessary to obtain detailed information of the structure of the ionosphere. Although we have not studied a method to compensate for the ionospheric effects on SAR, the numerical model presented in this paper will be useful for testing different mitigation techniques. He was a Research Associate at Boston University, Boston, MA, in 1995, and joined the Jet Propulsion Laboratory (JPL), Pasadena, CA, in 1996. He is currently a Senior Staff Member at JPL (since 2000) and a Research Associate Professor at the University of Southern California, Los Angeles (since 1998). He is a developer of the global assimilative ionospheric model and has led the development of JPL's ionospheric scintillation monitoring system network. He has been responsible for the ionospheric calibration for the U.S. Navy's GeoSat-Follow-On mission. His current research includes assimilative ionospheric modeling, ionospheric scintillation, ionospheric remote sensing, and mapping using the global positioning system, ionospheric effects on and modeling for satellite-based navigation systems including the U.S. wide-area augmentation system. Dr. Pi was awarded the JPL NOVA award in 1997 and the NASA Certificate of Recognition Technical Awards in 1999 and 2000 for the development of global ionospheric monitoring and forecasting system. He is a member of the Institute of Navigation and the American Geophysical Union, and he serves as a member of Commission-G of the International Union of Radio Science.
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